Abstract-This paper presents a fast and robust control system for a three-phase quasi-Z-source inverter (qZSI) connected to the grid. The topology combines two quasi-Z-source networks with a T-type inverter allowing to obtain AC voltages with multilevel characteristics and properties of the referred networks. To control this system a closed-loop current controller for the AC currents is proposed. The controller is based on a vectorial modulator associated to the shoot-through states. The DC-link voltage is maintained stable at the reference value by adjusting the shoot-through duty cycle. The controller is characterized by fast transient response and robustness to parameter and load variations. In order to confirm the desired characteristics and performance of the converter and control system several simulation tests were performed.
I. INTRODUCTION
Renewable energy sources play a fundamental role in the actual context. Such energy sources generally require power electronic converters associated to these systems to obtain the maximum power as well as an appropriate interconnection with the electrical grid. Due to the different characteristics and specificities of the several renewable sources and applications, the choice of the power converter topology and associated control system must be done very carefully.
One of the specificities that are usually required by photovoltaic sources connected to the electrical grid is the requirement of a power converter with voltage boost characteristics. In order to fulfill this requirement there are different solutions, most of them based on single or double stage conversion [1] [2] [3] . In single stage conversion it can be used a low frequency transformer between the inverter and the grid [4] [5] [6] . Another solution is based on the application of several photovoltaic panels associated to a multilevel inverter such as the cascaded H-bridge [7] [8] [9] . Besides the capability to extend the AC voltage this last solution also provides the advantages of multilevel converters. Regarding double stage conversion, one of the most common solutions is based on two converters, a DC/DC converter and DC/AC converter. The DC/DC stage normally uses a Boost type DC/DC converter or a topology with a high frequency transformer associated to a maximum power point tracking algorithm [10] [11] [12] .
Other types of power converters can be used on photovoltaic grid-connected systems. One interesting solutions that has been proposed and studied in the last years is through the integration of a qZSI connected to the grid. This converter combines a qZ-source network with a classical voltage source inverter. One of the main characteristics of this converter that makes it suitable for this kind of application is the Boost feature provided by the special shoot-through state. Furthermore, the shoot-through state provides additional protection to short-circuit failure of power devices. Thus, many works related with single and three-phase qZSI and respective control system were proposed for this type of application [13] [14] [15] [16] . Due to the characteristics of these converters, they were also expanded to multilevel applications. In this context, several works have been focused in the quasi-Z neutral-pointclamped converter [17] [18] [19] . Regarding control strategies, several solutions have been applied, such as, sinusoidal pulsewidth modulation (SPWM) or the space vector modulation techniques. Other solutions based on current controller have also been proposed. A hysteresis current control for Z and quasi-Z voltage source inverters was also proposed [20, 21] . However, this technique was also applied to the two-level single-phase inverter. Another proposed multilevel qZSI solution for photovoltaic applications is based on the cascaded H-bridge inverter topology [22, 23] . Recently the use of a multilevel qZSI based on the T-type inverter was also proposed [24] . To control this converter was proposed sinusoidal pulsewidth modulation. This paper proposes a fast and robust closed-loop control solution for a three-phase multilevel qZSI topology based on the T-type inverter. The proposed solution allows to control the AC currents through a multilevel hysteretic current controller and vectorial modulator combined with the shoot-through state to provide the necessary step-up voltage. This modulator was also developed in order to maintain the stability of DC voltages. Several simulation testes will be performed in order to test the proposed system. From the obtained results of these tests is possible to confirm the referred characteristics.
II. SYSTEM CONTROL OF THE MULTILEVEL QZSI WITH T-TYPE

CONVERTER
The three-phase T-type qZSI uses a combination of two qZ impedance source networks with a three-level inverter. This inverter is characterized by a combination of a classical threephase inverter with three bidirectional switches connected between the AC terminals and the common DC point of the qZ impedance source networks. Fig. 1 shows this topology connected to the three-phase grid through a three-phase inductors system. The presented system will be described through their state model. This model is described by the system state variables. Analyzing firstly the inverter it is possible to verify that the AC voltages are function of the switches state. The switches, Sij, of converter can be associated to a discrete variable function, Gi, as described by (where i = A, B, C are the phases of the converter and j = 1, 4, 7):
Tacking into consideration the AC voltages as a function of the states of the switches, these voltages will be given by:
Where Vo represents the output voltage of the qZ-Source inverter; VA, VB and VC are the phase-to-neutral voltage of phases A, B and C respectively;
Regarding the upper and lower DC currents of the inverter they are dependent of the shoot-through state as can be seen by During the shoot-through state the upper and lower DC currents of the inverter are dependent of the two qZ impedance source networks. In this state these currents, according with Fig.2 , can be given by:
For the other state condition these currents are function of the AC currents of each phase (iSA, iSB, iSC) and the state of the switches. Thus, they can be described by:
Taking into consideration the AC load presented in Fig.1 and the state of the switches the following equation is obtained: This last equation can be converted into the αβ referential through the Clark Concordia transformation, as presented in equation (6) .
The DC voltages are obtained taking into consideration the two qZ impedance networks and the shoot-trough state. In fact, these voltages will be equal or higher than the photovoltaic panel voltage according the total shoot-through time. Thus, these voltages can be calculated based on it the voltage balance across the inductors. In this analysis is considered that the capacitors are large enough and also
In this condition the DC voltages can be expressed by:
where D is the shoot-through duty ratio given by
T is the total shoot-through time interval and T the switching period.
The AC voltages of the inverter can be represented as a vector in the αβ coordinate system. Taking into account the switching states there will be 19 different vectors [25] . The obtained different vectors that are function of the switches states are presented in Fig. 3 . It must be noted that the shootthrough state corresponds to the 0 vector (null vector). The goal of the closed loop control system is to maintain injected currents to the grid according with the reference level despite variations of the input or grid voltages. This will be achieved through a multilevel hysteretic current controller and vectorial modulator. The AC currents (i SA , i SB and i SC ) will be controlled by the PWM voltages of the converter. In this case, will be used a control system based on the αβ coordinate system. Thus, a current controller given by the simple following conditions is given: Another issue regarding the choice of the vectors is related with the balance of the voltages in capacitor C2 and C3. In order to ensure the balance of those voltages it must be considered the redundant vectors. In fact, all the interior vectors (1, 3, 7, 10, 12, 16) This vectorial modulator does not consider the shoot-through state. This state is related with vector 0, in which the AC voltages of the converter are zero. However, there are several vectors associated to this vector. For example, vectors 0 associated to the switching combinations G A = 1, G B = 1, G C = 1 and G A = 0, G B = 0, G C = 0 does not provide shoot-through state. Only the vectors 0 that are associated to the switches in which at least one leg have all the power switches turned-on provides the shoot-through state. Thus, in order to implement this state it will be considered a carrier signal that will be compared with a reference. The result of this comparison will affect directly the state of the switches. Thus, if the reference signal is higher then the carrier, then all the switches will turn on. The reference signal allows to increase or decrease the DC voltage that is applied to the T-Type inverter. Taking this into consideration, the DC voltage will be controlled by a PI compensator that will set the value of the reference signal. The proposed control system is shown in Fig. 4 . 
III. SIMULATION RESULTS
The grid-connected three-phase qZ source inverter with T-type converter using the proposed control system was verified through simulation results. The presented results were obtained through the software Matlab/Simulink. The parameters of the model used in the simulation tests are presented in Table II . Fig. 5 shows the grid voltage and AC current of phase A. From this result is possible to verify that the current presents low distortion and is synchronized with the grid voltage. The three-phase AC currents injected to the grid are presented in Fig. 6 . This figure shows that the currents are balanced. Figs. 7 and 8 show the DC voltage applied to the inverter (DC-link) and the phase A to neutral voltage. From these figures is possible to verify the boost capability of the proposed solution, the shoot-through state and also the multilevel operation of the inverter. These results also show that despite the lower voltage of the PV panel the DC-link voltage level is enough to inject currents into the grid with a very low distortion. Fig. 9 shows the voltage at the terminals of capacitors C 2 and C 3 . As can be seen by this last result the voltage balance between the two capacitors is stable. The behavior of the proposed solution in transient mode was also simulated and analyzed and the results can be seen in Figs. 10 and 11 . The first result shows the process of DC-link step-up (Boost mode). The DC-link voltage has initially a 275 V value and at 0.4 s their reference value is changed to 400 V. Fig. 10 shows the behavior of the grid voltage and current of phase A during the transient. Initially the DC-link voltage is not enough to inject a non distorted current to the grid. However, after the change of the DC-link voltage reference the PI controller also changes the shoot-through duty ratio and consequently the DC-link voltage level to a higher value. Due to this, the DC-link voltage becomes enough to inject a current into the grid with a very low distortion. was fixed in 400 V. Through this result is possible to verify that the currents quickly change to the new reference value, keeping a very low distortion before and after the change. From the presented results was possible to verify the capability of the proposed closed-loop control. It was possible to verify the fast response of the current controller.
IV. CONCLUSIONS
This paper proposed a control system for the grid connected three-phase qZ source inverter with T-type converter. The goal of this closed-loop control system is to maintain injected currents to the grid in the reference level with very low distortion, despite variations of the input or grid voltages. The control of the AC currents where implemented through a fast and robust multilevel hysteretic current controller and vectorial modulator combined with the shoot-through state to provide the necessary step-up voltage. The DC-link voltage is thus controlled through the adjusting the shoot-through duty cycle. Furthermore, the multilevel hysteresis control proposed to this solution presents advantages to renewable energy applications where a wide range regulation of the input voltage capability is required. The characteristics of the proposed system were verified through several results obtained by simulation tests.
